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ABITRACT

The vaporization of a spherically symmetrio liquid droplet homogeneously heated
by a high=-intensity laser pulse is investigated on the basis of a hydrodynamioc
description of the system composed of thd vapor and ambient gas. In rthe limit of
conveotive vaporization, the boundary oconditions at the fluid-gas interface are
formulated by a:ing the notion of a Knudsen layer aocross whioh translational
equilibrium is established. Numeriocal aqlutiona to the hydrodynamio equations
exhibit the exi{is.ence of two shook waves propagating in oppoaite direotions with
~espsot to the contsot discontinuity that separates the aabient gas and vapor,




I. Introduction

A wide variety of effects can influence the evaporation of aerosol droplets by
intense electromagnetic radiation. The evaporation of a droplet by irradiation with
a long pulse of low eneargy ils controlled by the processes of heat conduction and
vapor diffusion. This ocase of isobaric vaporization, in whioh a pressure wave
induoed in the surrounding gas in response to the mass and heat addition can be
neglected, is fairly straight=forward and lends itself to detaliled numerical
oomputltions.1'3 However, when a droplet is irradiated with a short pulse of high
energy density, the resulting phenomena are more complex and more difficult to treat
.theoretically. With conveotive evaporation being a dominant process, suffiociently
illrl. droplets will undergo explosive vaporizlf.ion.u‘5 creating shook waves,
!Typlcllly. when the droplet radius does noﬂ exceed 10 um and the incident=flux level
Els in the range of 103-105 H/onz. diffunivﬁ evaporation is dominant; for fluxes
!ronohinl 107 w/om? the evaporation booonouioonvootivo and shook formation 1s
important. The experiments of Kafalas et £1.6'7 provide olassioc examples of shook

'wvaves produced by exploasive veporization.

In this paper we extend a previous nnﬂlyllla of low mass-flux vaporization

produced by low-irradiance pulsed beanms to the oase of high-irradiance

ysubmiorosecond puises where the low mass flLl hypothesis can no longer by Jjustified.

:In terms of the droplet=radius va, bonl-lrridlnnoo phenomenology regimes disocussed
|
by n.111y9. the conveotive mass flux ro;inﬂ will be analyzed in this pap.r. We do
.not trest the higher irradiance reginme for hhioh the droplet shattering and faat
i

{
;lblntion proocesses become signifiocant.

;II, Hydrodynamic Desoription ‘
’ In this seotion, we formulate the hyerdVHIIIOIl desaription for the vapor and
juubiont gas in the region oxternal to the Jvnporntin. droplet. The assumption that
vtho conditions on the droplet surface are Wnlforl (uniform heating of the ‘roplet by
;tho readiation), supplemented by the Knudl.1 layer jump conditions ' at the droplat
‘boundary, leads to a ocomplete droplet phsse change model., The jump oconiitions for
:tho temperature and the vapor density are Aound to be a funotion of the vapor Maah
Enu-bor. a free parameter in Knight's Ihlllel.‘o Knight determines the Mach number
for the oase of an idealized flow field adjacent to & vaporizirg surface., For the

present problem of an evaporating droplot.ftho flow bsoomes non=-uniform at later
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I
|
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times as the 1n1t1§1 shock wave weakens. For intense i;rédféfigﬁ;.howéggf; the flow
becomes supersonic at early times and it may be shown!1 that, under these
conditions, the boundary conditions may be determined independently of the external
flow field., This implies that the idealized flow fleld assumed in our model plays a
role in the determination of the droplet boundary conditions only for the earliest
times where it represents a reasonable approximation. At later times, wheras the
actual flow is markedly different from the idealized flow, the boundary conditions

may be determined independently of the idealized flow.

III. Numerical Solutions

We have obtained numerical solutions to the hydrodynamio equations external to
an intensely irradiated evaporating droplet., The numeriocel solution proocedure is
embodied in the CON‘ID12 computer program, which solves these equations by finites
difference methods, The solution procedure is based on the ICE (Implioit
Continucus-Field §u19r11n13 and the ALE (Arbitrary Exgrlnciln-ﬂuleriln)'u numerioal
methods. The ICE method sllows the effioient solution of both low and high Mach
number flows with the same computer program. Thus, CONID ocan solve both constant
pressure evaporation and exploaive evnporliion oases. The ALE method allows the
user great flexibility in moving or rezoniﬁ( the ocomputational mesh, This flexi=
bility 1is used in the ocalculations of bhis'plpor to rezone the mesh to follow the
receding droplet surfaae.

We consider the case of evaporating uitor droplets in an umbient atmcsphere,
nodeled as a mixture of oxygen and nltrogoh. The energy deposition is due to a
time-dependent radiation flux F, assumed to have the form of a Gaussiaon laser pulse

F(t) = Fypy expl=(t = tg)2/2¢,21 (1
where Fy,y is the peak value of the flux.

Figures 1-6 illustrate the results or;CONID oalculations for the case of a
10um droplet, with the pulse charsoterized by the values of Fy,x = 1.52!109H/om2.
to = 1.5x10=7 s, and tp = 5.0x1C"8 s the laser wavelength is 10.6 uam,

Figures 1 and 2 i{llustrate the sputil} dependence of four hydrodynamio
variables, the pressure (in logarithmio units), the temperature, the mass-averaged
jvelootty, and the vapor maas fraation, Fiiuro 1 13 a snapahot taken at t s 0.224 . s
(after 270 aycles), whereas Fig. 2 is tlkoh at t » 0.269 us (after 330 ayoles),

Both these oyoles correspond to times rron:tho tral.ing edge of the pulae, In aach

oase, the droplet is at ambient oconditions prior to the arrival of the pulse at




f = 0. The radial coordinate is measured from an-;;iéin at-iﬁéAﬁﬁrf;éﬁ 6? the
evaporating droplet. For the case cf a 10 um droplet, the radial variable ranges to
20 droplet radii.

The two snapshots shown in Figs. 1 and 2 capture the medium surrounding the
irradiated droplet at times when several hydrodyn;mio features of interest may be
identified. These are indicated in Figs. 1 and 2 (on the velooity curves only) by
the five letters A through E., Moving outward from the droplet surface, the five
regions are: A -~ region of supersonic expansion; B - backward-facing shock wave;

C - transition region separating the backward- from the forward-facing shock wave;

D - forvard-faoing (initial disturbance) shook wave; L - undisturbed medium ahead of
forward shoak. An inspeation of the veloocity ourves shows the large negative
velocity gradients in B and D that indicate the presence of shock waves, and the
]poultivo velooity gradient in A that acsompanies the aupersonic rare-fastion fan.
:Tho backward-feaing shook 13 s reflected shook that i3 produced when the supsr-
;sonloully expending material in region A o&llldoa with the high pressure material in
rey,ion C. 3oth the forward-facing and reflected shooks are propagating awvay froam
the droplet surfaoce (to the right), but thq refleoted shook may be seen to bDe

propagsting to the left relative to the moving vapor in B, The trangition rcgion C

contains the auntaot digoontinuity and, ldqitionnlly. exhibits an interesting
transition fros compression (negative veloaity gradient) at t < 0,224 ps to
‘oxplnaion (positive velooity gradient) at é > 0.269 us., The temperature changes
ooouriring in C during this perind are in |qoord wita the fsentropla nature of this
compression and expansion process. We rlnélly note that dispersive errors in the
 humeriocal ocaloulations have produced lovoril non=physioal ocomputational artifacts,
notably the spurious peaks at the A-B boundlry of the pressure, teamperature, and
velooity ourves, and the T > 1 region of tho maas fraation curves.

Figures 3«6 {llustreste the npltto-eouﬁornl dependence of the four hydrodynamio
veriables, p, T, u, and Y, for the same droplet-beam system desacribed in Figa. 1-2.
The five regions dJdesoribed in Fige. 1=2 nui be readily identified in Figs. 3-6.
‘Notioce in partiocular how the shock struotune detacheas from the droplet boundary at
early times and propagates into the surrounding medium. The baockward-facing shook
'is partioularly evident in the tolporaturo?plot. Fig. ¥, Examination of the

velooity plot, Fig. 5, aolearly reveals the changes oaourring in the transition

reglion C from ocompression at easrly times to rere=faction st later times. Finally,
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the computational artifacts are evident in these figures as sharp ridges on the
otherwise smoothly varying hydrodynamio features.

IV. Conolusions

Under the assumption of homogeneous heating, we have developed a theoretical
model for rapid droplet vaporization into the surrounding amblent atmosphere. The
equations of hydro-dynamics have been solved in the region adjacent to the droplet
in the oconvective regime, established when the rate of energy deposition 1s
suffiolently high. For 10 um droplets, this requires the laser flux to exceed 107
H/onz. At high evaporation rates, the notion of the Knudsen layer enables us to use
approximate jump oconditions at the droplet-vapor interface. Since the diffusive
evaporation remains unaoccounted for, our theory does not provide a smocth transition

to the low-flux regime. 3Still, the regime of convective vaporization inoludes a

. variety of parameters of praotioal 1ntorosﬂ in the plane having laser flux and

:droplot radius as axes, Within the limitations of our approach, w3 have found a

ccmplex hydrodynamic solution for the system ocomposed of the vapor and ambient gas,
In partiocular, in sontrast to a standard déacrtption of the propagation of »
discontinuity in planar goonotry.‘s ve h.vi shown the existence, largely because of
the spheriocal geometry, of two shook wlvos!uovins in opposite direotions with

respeat to the oontaat discontinuity surtho. These shook waves are separated from

., the dro_let surface by a supersonio rlrorlqtion fan.

f
Future research should provide a tranaition to the diffusive vaporization

regime, as well as the desaription of nonu%ifcrn heating. Reocent experiments of
|
Qian, et 01.'6 demonstrate the existence off hot spots insida ol the waier drops. To

. acaomplish the goals of this prograa, howoﬁor. one would need to solve the hydro=-

"dynasio equations bcth inside and outaide Who droplet, Tne dynemioal ooupilng

between the eleotromagnetio field and the h,/drodynamics s also signillcant, as has
been recently shown by Chitanvis. 17
i
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FIGURE CAPTIONS

Pressure, temperature, velooity, and m‘ls fraotion as & f{unotion of distance
!

-6

from the center of the drop. The p.llel!Qr flux Fy,x = 1.52x109 H/onzz pulse
orrespouds to the time t = 0,22Ux10 s,

width t, = 5.0110"% s. The oyale 270
Same as Fig. 1, but cyole 330 ocorreaponding to t = 0.2‘69:10‘6 8,
Spaae-time dependence of presaure (logarithmi. units).

Space=tius dependence of teamperature. ‘
Space-time dependence of mass-averaged velooity.

Spaace~time depcndence of vapor mass frdotion,
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FIGURE 6




